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Abstract 
A lap joint of AA3003 and pure copper was produced by friction stir welding and the 
induced interfaces were investigated. Interfacial regions were characterized by SEM-
EDS, AFM, SKPFM, OM and Vickers micro-hardness. Multimodal Gaussian 
distribution (for characterization of surface potential patterns) showed the formation of 
multiple compounds. A quantitative correlation between microstructure constituents and 
Volta potential distribution was recognized and confirmed by corrosion attacked sites 
observations. It was observed that the Al-rich regions proximate the dispersed Cu 
particles and Cu-Al intermetallics were most susceptible to corrosion attack initiation 
due to a galvanic driving force between these surface constituents. 
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1. Introduction 
Aluminum/copper bimetals are usually considered of high interest to electrical, 
aerospace, shipbuilding, and other industrial applications [1-2]. As the fusion welding of 
this dissimilar couple is difficult due to the formation of brittle intermetallic compounds 
(IMCs), friction stir welding (FSW) is considered to be an alternate process [3-11]. An 
investigation by Elrefaey et al. [12] on FS welded Al/Cu lap joints of AA1100-H24 to 
copper with a double-shoulder design showed different zones in the weld including 
stirred zone (SZ) and heat affected zone (HAZ); without any thermo-mechanically 
affected zone (TMAZ). Another study by Saeid et al. [8], demonstrated the formation of 
HAZ and TMAZ affected by the formation of IMCs and micro-cracks as a result of 
heat-input at various welding speeds. Similar studies revealed different IMCs of CuAl, 
CuAl2, CuAl4, and Cu9Al4 with a brittle nature close to the Al/Cu interface [6-7, 9, 12-
13]. Xue et al. [9] showed that an excellent metallurgical bonding between aluminum 
and copper at the Al/Cu interface may be achieved because of the formation of a 
continuous and uniform Al–Cu intermetallic layer with a proper thickness of about 1 
µm. It is also reported that, severe plastic deformation and thermal exposure facilitate 
the formation of IMCs [7, 10-11]. A survey by Galvão et al. [10] also represented the 
formation of mixed regions of aluminum, copper, CuAl2 and Cu9Al4 with heterogeneous 
structures and intermetallic content along the Al/Cu interface. Other studies [14-15] 
report that, during welding, copper segregates to grain boundaries and causes the CuAl2 
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IMC to form through the eutectic reaction of: liquid → CuAl2 (or θ phase) + α (Al-rich 
solid solution). As these Cu-rich IMCs act as micro-cathodes, the surrounding α-phase 
dendrites become susceptible to corrosion. Transmission electron microscopy (TEM) 
observation by Feng et al. [16] in a friction stir processed AA2219-T6 alloy attributed 
the presence of equilibrium θ to the followings:  
a) Dwelling at above 480°C leads the semi-coherent θ′ precipitates and plate-shaped 
coherent θ″ metastable precipitates overage to the equilibrium θ phase.  
b) Having heated above the solvus temperature (513°C), the metastable precipitates 
dissolve into the matrix and reprecipitate as equilibrium θ phase upon slow cooling rate 
behind the tool. 
However, understanding the material affinity to corrosion and characterization of such 
an interface would be easier by employing multiple complementary techniques. 
Recently, scanning Kelvin probe force microscopy (SKPFM) is developed for 
concurrent mapping of topography and Volta potential distribution on metal surfaces in 
the air [17-25]. It combines the classical Kelvin probe technique with atomic force 
microscopy (AFM). Recently, this method has been advanced to investigate the 
corrosion processes under atmospheric weathering conditions on a micro or even nano-
scale and has a high resolution of c.a. 1 mV in reading the surface potential [26]. The 
outlining of the surface Volta potential of a sample is made by employing a two-pass 
technique; i.e. each line of the image is scanned twice. In the first step of each scan, 
external voltage is not applied to the tip instead line topography is recorded using the 
tapping mode technique (that oscillates near the tip resonant frequency of 150-175 kHz 
by a Piezoelectric tool) and AFM mapping of the topography image from the sample 
surface. This data is then used during the second pass of scanning where a DC bias 
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potential and an oscillating AC potential with a frequency equal to the resonant 
frequency of the cantilever is applied to the tip. The tip is then lifted to a selected 
distance and a feedback loop that controls the Z Piezo-element is turned off during the 
second pass. Hence, the mapping of surface potential and topography is done line by 
line at the same time [17].  
To the present, although a number of complementary techniques have been used to 
describe the microstructural characteristics of FS welded joints [27], there is a paucity 
of research carried on the nature of the interface and its characteristics in dissimilar 
joints. Thus, the aim of this research is devoted to combine diverse techniques including 
scanning electron microscopy-energy dispersive spectroscopy (SEM-EDS), AFM, 
SKPFM, optical microscopy (OM) and Vickers micro hardness to better characterize the 
Al/Cu bimetal interface. Particularly, an attempt was performed to quantitatively find 
out a correlation between the namely mentioned techniques in investigating the 
interface characteristics of an FS welded Al/Cu joint. Indeed, such information will 
direct one to a consistent idea of corrosion initiation sites at the induced interfaces.  
 
2. Experimental procedure 
2.1. Welding procedure 
An FSW adapted milling machine was employed for the welding procedure providing 
1100 rpm and 50 mm/min rotation and welding feed (traverse) speeds, respectively. The 
process was carried out on a lap joint of an 8 mm thick plate of 3003 aluminum alloy on 
top and a 5 mm thick commercially pure copper at the bottom. The chemical 
composition of the aluminum plate was (in wt%): 1.292% Mn, 0.652% Fe, 0.157% Si, 
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0.124% Cu, 0.038% Mg, 0.024% Sb, 0.017% Cr, 0.011% Ti, 0.011% Zn, 0.005% Sn 
and Al as balance. The copper plate also consisted of (in wt%): 0.053% Al, 0.018% Fe, 
0.011% Zn, 0.007% Pb, 0.006% P, 0.005% Sn, 0.003% Mn, 0.003% Mg, 0.002% Si, 
and Cu as balance. Both plates were cut into 20 cm × 20 cm pieces and subjected to 
FSW using H13 hot work double-shoulder steel tool as introduced by Brooker et al. [7]. 
The tool was designed to be located at the interface between the two pieces being 
welded. The welding tool itself consisted of a lower 10 mm diameter and an upper 40 
mm diameter concave shoulders with coaxial circular treads (scrolled-like 
configuration) and a primary lower tapered, parallel- treaded pin of 3 mm length 
beneath a secondary conic pin of 8 mm length with parallel treads (Fig. 1a). In this 
figure, a real optical image of the weld cross section is attached to the schematic 
illustration for better clarification. In the current study, the words “pin” and “shoulder” 
refer to the primary lower pin and the lower shoulder, respectively. Not having provided 
a pre-drilling start hole, the pin end initially penetrated through the top aluminum plate, 
and extended up to 3 mm into the bottom copper plate, whilst the tilting angle was set to 
1.5°. Due to high thermal conductivity of copper, the work piece was preheated up to 
200 °C prior to welding. To obtain an entirely welded interface (in order to completely 
surf the welding area and form a fully welded Al/Cu interface), the weld was 
implemented by performing a multi-pass technique with an offset distance of 8 mm 
between parallel weld passes that caused a 2 mm overlap between adjacent weld lines 
(Fig. 1a).  
2.2. Sample preparation 
In order to provide a suitable section for AFM, SKPFM, SEM-EDS, OM and micro 
hardness studies, a cutoff cross-section from the weld was selected, degreased by 
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acetone, mechanically wet polished down to 0.05 μm alumina slurry, washed with 
ethanol and finally dried by hot air blow. Fig. 1b reveals an SEM illustration of the three 
different regions investigated in this study. The P1 region corresponds to the region 
around the pin while the S1 region refers to the area beneath the shoulder. The P2 
region, adjacent to P1, also depicts the area around the pin on which some 
complementary analyses were performed. Note that all the mentioned experiments have 
been performed on just one mirror-like surface.  
2.3. Macro and microstructural investigation 
Macro and microstructural changes from copper to the aluminum matrix (at both the as-
polished and etched conditions) were examined using a digital camera and SEM (model: 
LEO 1450 VP, resolution: 2.5 nm, Max voltage: 35 kV) equipped with secondary 
electron (SE) and EDS analysis system (resolution: 133 eV). EDS line-scans in the P1 
and S1 regions were performed to study the chemical composition transition from Cu to 
Al matrixes. In all backscattered SEM images, light and dark phases are related to 
copper and aluminum containing components, respectively. The gray colored 
components are those intermediate compositions consisting of both Cu and Al elements 
(together with other accompanying minor alloying elements).  
2.4. Topography and Volta potential analysis 
Topography and Volta potential images were taken using a commercial Solver Next 
AFM instrument (from the NT-MDT Co.) from the mirror-like polished surface. All 
mappings were performed in the air at room temperature with relative humidity between 
20 and 30 percent [18]. The AFM tip was a pyramid single crystal silicon, n-type with 
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antimony doped and coated by conductive PtIr (25 nm) and Cr adhesive layer (2.5 nm). 
For Volta potential mapping, the lift scan height was about 30-50 nm (depending on the 
surface roughness), where the effects of dipole charges close to the surface were 
believed to be minor. Topography and Volta potentials were scanned with a pixel 
resolution of 256 × 256 and a scan frequency rate of 0.5 Hz. The luminosity of different 
zones in topographic images shown in this investigation corresponds to the different 
heights of features on the sample surface. Shiny zones are higher than dark ones on the 
topographic maps. In a comparable way, the brightness on Volta potential images was 
cooperated with different Volta potentials of the features shown on the Volta potential 
map. Bright areas have higher Volta potentials than dark areas. One important aspect 
related to the working principle of the SKPFM is that it is possible to measure Volta 
potential differences for any individual scanning of the sample surface. This issue is 
particularly important for Volta potential data interpretation [17, 28]. Therefore, the 
sample Volta potentials that were always measured concerning the surrounding matrix 
and the relative values could only be used as comparison on an individual sample 
surface.  
To interpret the Volta potential values analytically, histogram plots of SKPFM images 
were extracted and the multimodal Gaussian distribution of corresponding spectrums 
acquired. Equation 1 shows a single Gaussian (normal) distribution function: 
                                                                                           
where, y represents the counts number, σ is the standard deviation, x refers to the Volta 
potential value and µ  is the mean value parameter. In order to estimate the number of 
multimodal distribution peaks (the number of events probability), the first derivatives of 
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the histograms and their inflection points are calculated. All SKPFM data were 
presented as real measured instead of inverting images [28].  
2.5.  Corrosion investigation 
To study the corrosion attack morphology or preferentially attacked sites, the same 
polished sample was immersed in a 1 M HCl solution for 30 seconds. During this 
period, the sample surface was continuously checked (for three times) by using an 
optical microscope. The best exposure time to reveal the initially attacked sites was 
chosen to be 30 seconds. After each extraction, the sample was washed with ethanol, 
cleaned for 5 minutes in an ultrasonic cleaner and subsequently dried by hot air blow. 
Afterwards, OM and SEM were utilized to scrutinize the corrosion attack sites.  
Vickers micro hardness test was done (as the last experimental procedure on the sample 
surface) using a Buehler micro hardness machine (load= 50 gr, dwell time= 10 s, center-
to-center spacing= 50 and 200 µm) on the cross-section of the joint perpendicular to the 
welding direction. Two linear hardness profiles were probed along the P1 and S1 
regions. 
 
3. Results and discussion 
3.1. Hardness 
Fig. 2 demonstrates the Vickers micro hardness profile along straight lines in the P1 and 
S1 regions. The hardness values measured in P1 (around the pin), show that while the 
hardness of Cu remains nearly constant by a 50 µm distance from the interface (about 
89 HV), a sudden rise occurs at the interface (about 201 HV). Similar to another 
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experiment, no significant HAZ could be observed in this region due to the high heat 
sink rate of the copper matrix as a consequence of its high thermal conductivity [7]. On 
the other hand, in the Al side, a gradual diminution in hardness occurs by furthering 
from the interface, which reaches c.a. 47 HV in more distant areas. Concerning the 
melting temperature of Al (660.3 °C), its thermal conductivity (237 W.m-1.K-1), the 
induced plastic deformation and dynamic recovery the alloy shows a lower hardness 
value in comparison with the adjacent copper alloy in P1. In addition, it should be 
mentioned that the absence of HAZ in this Al-rich region could also be due to the high 
rates of plastic deformation and material turbulence. In this case, a similar TEM 
observation by Sato et al. [29] indicated that the reduction in hardness values could be 
attributed to the transition of dislocation cell structure to a sub-grain structure with 
relatively low dislocation density as a result of dynamic recovery in this region during 
the FSW process.  
For the S1 region, a different behavior is evident. Hardness values show a dramatic 
surge at the Al/Cu interface (c.a. 353 HV), while a slight increase can be seen by 
furthering from Al/Cu interface (about 100 μm) into both matrixes (c.a. 137 HV on both 
sides). By advancing from the interface to the Cu matrix, a hardness value of about 87 
HV is acquired. On the Al side, a similar behavior is detectable and a hardness value of 
about 110 HV is achieved for the last measured point. As can be seen, the overall 
hardness in the P1 region is lower than that of the S1 at both the interface and the Al 
side. The two maxima, 353 and 201 HV are observed exactly at the interface. It is also 
interesting to note that the zone with a high hardness value does not extend more than 
100 μm. These results confirm the fact that, although the transition region is relatively 
narrow (c.a. 50 μm - the dashed rectangular area in Fig. 2), FSW has dramatically 
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altered the hardness characteristics of both materials at the interface. At the both S1 and 
P1 regions, the relatively high hardness values at and near the interfaces are much 
higher than those of the Al and Cu base matrixes. Therefore, the particles in these areas 
should be Al-Cu IMCs rather than Cu or Al-rich phases [9]. Moreover, the higher 
hardness values at the Al side in S1 in comparison with those of the P1 could be 
attributed to the higher amounts of plastic deformation (between the two shoulders; see 
Fig. 1a) and the consequent strengthening mechanisms (e.g. grain refinement). In other 
words, the aluminum in S1 undergoes the concurrent impacts of the both shoulders and 
that of the upper pin. In such a condition, the tool induces more severe plastic 
deformation in the S1 region in comparison with the P1 region (that is just influenced 
by the lower pin and shoulder). It has been reported that the scrolled geometry of 
shoulder provides greater grain refinement in the S1 region [30-32]. Beygi et al. [33] 
also stated that the lack of Al traces due to the downward material movement and that 
the S1 interface experiences a severe plastic deformation with no occurrence of 
recrystallization, lead to higher hardness values in the S1 region. According to our 
results, it seems that the tool shoulder has a dominant impact on the interface hardness 
in the S1 region. The same behavior can be observed between the Cu sides of the two 
regions, especially at the interfaces.  
Correspondingly, these high hardness values at interfaces might be attributed to several 
factors. These may include the formation of solid solutions and IMCs, grain refinement, 
reduction in dynamic recovery/recrystallization, the higher densities of defects like 
dislocations and their roles in work hardening mechanisms (e.g. Orowan strengthening 
mechanism) [1-2, 9, 16, 29, 33-40]. Comparing this research with the literature, it can 
be deduced that the slight difference in hardness values of the S1 region in the Cu side 
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can be attributed to the formation of a narrow HAZ, grain growth or the absence of 
banded microstructure [33-34]. It should be noted that, as the majority of the generated 
heat in FSW comes from the tool shoulder (only 14 percent of the heat is created by the 
tool pin [30]), the formation of a slim HAZ in S1 seems quite possible. SEM-EDS 
images taken from the mentioned regions confirm the existence of IMCs of Al and Cu 
at the interfaces; the results will be discussed in the next section. 
3.2. SEM-EDS analysis 
Fig. 3 illustrates the SEM-BSE images with the inserted line-scan results (in at%) in the 
P1 and S1 regions. In the P1 region, four distinct constituents are detectable: a Cu-rich 
matrix, a transition layer at the interfacial region, an Al-rich phase (dark/black in color) 
surrounded by dispersed IMCs and scattered Cu particles (bright white color) in the Al 
matrix (Fig. 3a and 3b). Concerning the literature and the current results, the presence of 
these unaffected Cu particles adjacent to the aluminium matrix (around the pin) 
indicates that they did not reach the Al/Cu threshold reaction temperature [11, 13, 16]. 
EDS analysis reveals that these phases are mainly composed of Al, Cu and Zn elements 
distributed along the interface to the both matrixes. Fig. 3b depicts a high magnification 
image adjacent to the transition layer in P1. As it can be easily seen, by approaching the 
copper side at the interface, a Cu-Al-Zn containing transition layer (the light grey layer) 
appears in different thicknesses (with an average thickness of about 2 µm) all along the 
interface. The corresponding metallic contents (in at%) of this layer can be found in 
Table 1 data. Previously, it has been reported that this layer could be constituted of 
either an Al4Cu3Zn (denoted as τ) IMC or an Al-Cu-Zn solid solution [41]. However, 
considering its homogeneous structure and the variation in its constituent elements, it 
seems to be a solid solution rather than an IMC. Disappearance of this diffusion layer in 
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more distant areas can be attributed to the lack of diffusion and the limited solubility of 
aluminum in copper; this has also been pointed out elsewhere [14, 41-42]. Indeed, this 
feature can be arisen from variable diffusion conditions at dissimilar areas along the 
interface. It is believed that this can be attributed to different impacts of the tool pin and 
shoulder in dispersing the two major sources of induced heat (heat-input), severe plastic 
deformation and friction, along the induced interfaces [10, 30, 35]. With that in mind, 
these compositional/morphological variations can bring on a complex corrosion 
behavior in the welded areas. 
To characterize the S1 region, EDS line-scan analysis (in at%) was carried out from the 
locations marked in Fig. 1b and the outcome is shown in Fig. 3c. Results show the 
existence of dispersed Al-Cu IMCs in the α eutectic at/around the interface. Moreover, 
it is obvious that the eutectic area in S1 (with somehow different microstructure; see 
Fig. 8) is more extended (about four times) in some regions in comparison with the P1 
region. In agreement with the literature, this can be accredited to the higher amount of 
plastic deformation and subsequent generated heat that supports elemental diffusion 
(migration) through the interface [9-10, 36, 43]. Formerly, Galvão et al. [10] stated that 
as aluminum is quite softer than copper, there are constrained remnants of Al inside the 
conical shaped scrape volume under the shoulder (where an Al-rich mixing volume is 
formed). Moreover, they mentioned that this can be the reason for the presence of large 
amounts of CuAl2 at the top layer of the interface that consists of an IMC-rich matrix. 
On the other side, assuming the temperature across the interface to be around 500°C, the 
Cu to Al and Al to Cu diffusion coefficients (DCu-Al and DAl-Cu, respectively) are 
reported to be 4.1 × 10-14 and 2.9 × 10-14 m2.s-1, respectively [42, 44]. Considering these 
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values and the physical states (e.g. solid or semi-solid) of the Cu and Al elements close 
to the interface, it can be deduced that the diffusion of Cu atoms into the Al matrix 
would be much easier than that of the Al atoms into the Cu matrix. Therefore, this may 
be why the observable eutectic phase would tend to extend in the Al matrix rather than 
in the Cu one. Interestingly, considerable fluctuations are observed in the line-scan of 
both Al and Cu elements (particularly for Al) while passing through the eutectic phase. 
This denotes that there is a noticeable difference in the Al content of eutectic constituent 
phases. The structural details of this phase in these regions (S1 and P1) are well 
illustrated in Fig. 8, which will be discussed later. 
To investigate the pin rotation/traverse effect on the Al/Cu interface, EDS was 
conducted on nine points (approximately aligned) in the P2 region (Fig. 4). Table 1 
shows the chemical composition (in at%) results of each spectrum. Note that the EDS 
results may not represent exactly the real composition of the analyzed points, but can be 
used as acceptable estimation. A comparison between the atomic percentages of Cu, Al 
and other major elements is illustrated in Fig. 4b bar-chart that reveals the presence of 
IMCs such as CuAl2 and Al6(Mn,Fe) in this region. Similar IMCs have been reported to 
be found in similar works by other researchers [9, 13, 45]. Spectrum 1 shows the 
composition of the aluminium matrix in the SZ of P2 while spectrum 2 reveals the 
chemical composition of an unaffected IMC (probably Al6(Mn,Fe)) in the Al matrix; 
see Table 1. Moreover,  a kind of very small IMC (possibly Al15(Mn,Fe)3Si2 [45]) is 
detectable outside the two-phase zone. Spectrum 3 demonstrates an Al/Cu IMC in the 
transition zone maybe of CuAl2 type (also see Table 1 data). Spectrum 4 depicts the 
composition of the Al-rich eutectic phase containing some amounts of Cu, Fe, Mn and 
Zn elements. Spectrum 5 represents the composition of the semi-homogeneous gray 
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eutectic phase with trace amount of Mn element. Relatively coarse IMCs with this 
composition are clearly observed at this transitional zone. Spectrums 6 to 9 illustrate the 
composition change of the Cu, Al and Zn elements by furthering from the interface. 
Regarding the Al-Cu-Zn phase diagram (miscibility gap of Zn in Al [41]) and Zn 
diffusion coefficients (at 500°C) in Al and Cu matrixes (DZn-Al= 4.86 × 10-14 and DZn-
Cu= 4.0 × 10-18 m2.s-1 [41-42, 46]), it is expected that Zn partitioning occurs by 
approaching the Al/Cu interface from the Al-rich side; see Fig. 4b. On the other side, it 
is obvious that Al concentration gradually diminishes by approaching the Cu matrix. 
This finding is completely in agreement with the literature reporting the formation of 
Cu-Al-Zn solid solution in a Cu matrix [6, 11, 14, 34, 41]. Considering previous works, 
the presence of various Al-Cu based IMCs like CuAl, CuAl2, Cu9Al4, and some other 
compounds containing various amounts of Al, Cu, Mn, Fe and Zn is possible in this 
complex area [6, 9-10, 43-44, 47]. However, the exact nature of some constituents is not 
clearly understood. For instance, in a research it has been suggested that although many 
small Cu particles are expected to transform to IMCs, limited and very small formed 
eutectic particles are likely to be dissolved during FSW [14]. However, in this work, 
some other types of unreacted Cu particles are also observed at various sizes/shapes in 
the Al-rich SZ adjacent to the tool pin. Because of the multi-pass FSW process, 
divergent thermal profiles, geometrical parameters of the joint and the long exposure of 
the work piece to elevated temperature, complex interactions/reactions between Al and 
Cu elements seems plausible. Therefore, a diverse range of galvanic driving forces 
between these constituent phases and consequently different local sites prone to 
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corrosion initiation will be built up. More details in SEM microstructural 
characterizations are discussed in the next section. 
3.3. SKPFM, AFM and localized corrosion attack analysis 
Fig. 5 shows SKPFM results captured from the P1 region. A camera view of the whole 
scan region is shown in Fig. 5h. Imaging was performed by sweeping from the Al side 
to the interface and then into the Cu texture. AFM results of the S1 and P1 regions (in as 
polished state) are not shown here since they indicate nearly the same outcome. To 
cover up the entire area, seven individual scanning steps (50 by 50 micron) were 
accomplished. Normally, line profile is used to evaluate the Volta potential and 
topographical variations on surfaces [17-18, 20-23, 26, 28, 48-49]. However, this 
process does not seem to be suitable for quantitative comparison of different images 
[50]. In the present work, in order to interpret the results carefully, histogram plots and 
associated multinomial distribution functions of Volta potential variations are extracted 
and shown in Fig. 5i. Four parameters are usually considered for quantitative evaluation 
of the acquired data: The number of multinomial distribution peaks, the corresponding 
mean value (µ), standard deviation (σ) and half width of the spectrum (ω/2) [50]. The 
number of multinomial distribution peaks is used to identify the number of event 
probabilities; in the present research, these peaks represent the number of surface 
constituents. The difference between the mean values (Volta potential difference) is 
used to evaluate the galvanic driving force for corrosion initiation while the standard 
deviation was implemented for homogeneity evaluation of surface constituents. The 
similar procedure has been complemented elsewhere [17, 23, 45]. The half widths of the 
spectrums, finally, illustrate the variation of Volta potential value for each individual 
constituent. Table 2 shows the extracted multimodal Gaussian distribution parameters (σ 
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and µ) from Volta potential histograms (Figs. 5, 6 and 7). According to the mean values 
of Volta potential (575 and 35 mV for Al and Cu, respectively) corresponding to the 
peaks in “a” and “g” curves in Fig. 5i, Al containing phases represent higher real 
measured Volta potential values. While a normal (Gaussian) distribution Volta potential 
variation is applicable to the pure Cu side (also a narrow standard deviation as an 
indication of reasonable surface homogeneity), the presence of IMCs causes a deviation 
from the single normal distribution on the Al side. This means that the tail on the left 
side of the Al alloy histogram corresponds to the Volta potential values of IMCs; see 
Fig. 5i and a. Moreover, Al shows greater standard deviation on Volta potential due to 
the presence of more surface heterogeneities. The small black spots with lower 
potentials in this figure are mainly attributed to the alloy inherent IMCs (mainly 
Al6(Mn,Fe)). Quite similar results have been observed in previous works for the 
AA3003 alloy [45, 51].  
The histogram corresponding to Fig. 5b indicates a bimodal distribution, demonstrating 
the presence of two individual constituents. The asymmetric bimodal distribution points 
to the presence of at least one new component. The left side seems to be related to 
unreacted Cu particles and the right side can be associated to Al alloy compounds. Note 
that in this figure, the lately mentioned black spots (in Fig. 5a) are brighter in color due 
to the presence of more cathodic sites (Cu particles) with much lower absolute Volta 
potential values. The difference between the two related mean values of Volta potential 
obtained by bimodal distribution (i.e. 650 mV from pick to pick) can be an indication of 
a noteworthy driving force for micro-galvanic corrosion that is in agreement with 
literature [17, 21, 48, 52]. Therefore, it is judged that the micro-galvanic corrosion 
initiates preferentially from the interface of a region with such potential differences. 
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This is confirmed by SEM images taken after exposure to 1 M HCl corrosive media, 
which will be discussed later. Interestingly, the mean value of the right side constituents 
is even higher than that of the Al alloy itself. At the first glance, it may seem that some 
new components were formed between Al and Cu matrixes. But, comparing with 
previous researches, this can be ascribed to the respective measurement of the surface 
potential by SKPFM in the presence of new surface constituents [17, 20, 48]. Generally, 
it is notable that elements such as Fe, Mn and Zn are nobler than Al in either their free 
states (if probable) or in their reacted states; like IMCs [23, 45]. Therefore, it is 
expected that corrosion preferably initiates from Al-rich/secondary phase interfaces. By 
gradually moving from the Al matrix to Cu, mean potential values shift toward the Cu 
component. In Fig. 5c, it is obvious that Cu particles are refined and dispersed because 
of the severe turbulence around the tool pin. Also, some brownish components are 
observed in this region that can be related to Cu-Al IMCs (like θ-CuAl2 in the eutectic 
phase). By advancing from the Al side to the Al/Cu interface, the amount of this phase 
increases. This is while the amount (or number) of Cu compounds (black spots) 
decreases contrarily (Fig. 5c, 5d and 5e). Concerning Fig. 5f, five distinct constituents 
are detected; Cu particles, dark eutectic phase, bright eutectic phase, transition zone and 
the Cu matrix. The difference between these eutectic phases can be attributed to the 
partitioning of solute atoms like Zn. In other words, a concurrent depletion/enrichment 
mechanism occurs at the vicinity of interfacial regions. It can be inferred from other 
researches that such an inter-diffusion around the pin might be mainly due to the 
formation of a mechanical mixture at high deformation rates, elevated temperatures and 
a sufficient time span during FSW [42, 44, 46].  
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It is also worth to mention that Volta potential distribution in the interfacial region 
follows a multimodal distribution pattern that may be due to the formation of several 
constituents. Again, the presence of five components is confirmed since there are 
multinomial (quinquemodal) distributions in the histogram of Fig. 5f. Their 
compositions vary from the Al rich compounds from one side to the Cu rich compounds 
on the other side; details are represented in Fig. 5j. Considering the potential values of 
these constituents, a complicated corrosion pattern will be introduced after exposure to 
the aqueous environment. These verdicts are completely consistent with SEM-EDS 
results in Fig. 4 (with the same interpretation for elemental (e.g. Zn) partitioning).  
Fig. 6 shows the sequential Volta potential images starting from the Al matrix to Cu in 
the S1 region. Fig. 6b shows some Al-rich islands that are surrounded by the eutectic 
phase. It should be mentioned that the morphology of the eutectic phase in this region is 
different from the one in P1. This has been attributed to various mechanical and thermal 
treatment history of this area during the welding process [10, 16, 30, 47]. Here, in Fig. 
6e, surface constituents are the same as those found in Fig. 5f. In addition, the same 
multinomial distribution details are extracted for the Fig. 6c histogram (Fig. 6h). 
Although similar normal, bimodal and multimodal distributions can be applied to the 
quantitative analyzing Volta potential values, there is a meaningful difference between 
Volta potential variations around the pin (Fig. 5) and beneath the shoulder (Fig. 6). The 
highest Volta potential difference of c.a. 350 mV can be observed in Fig. 6b (200 and 
550 mV corresponding to Cu and Al sides, respectively). This is lower than the 700 mV 
span in Fig. 5b, which means that corrosion is more likely to be initiated from the areas 
that are affected by the tool pin. Moreover, while the Volta potential mean values of the 
Cu surface on the both pin and shoulder regions (Figs. 5i and 6g) are almost similar (c.a. 
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35 mV), the real measured mean Volta potential values on the Al side are different in P1 
and S1 regions. Thus, it can be concluded that the galvanic driving force for corrosion 
origination is highest in the P1 region. Compared to the previous results, the reason can 
be attributed to the higher thermal gradient, more material flow, plastic deformation and 
enhanced depletion/enrichment mechanism beneath the shoulder in contrast with the 
area around the pin. Therefore, the eutectic phase is expected to be more extended in the 
S1 region in comparison with the P1 and P2 regions (Figs. 3 and 4). It should be 
mentioned that the micro-galvanic corrosion may also occur locally at regions revealing 
the highest Volta potential values (Fig. 6b), i.e. the area beneath the shoulder. 
Comparing the Figs. 5 and 6, a dendritically grown microstructure is detectable 
(entertainingly revealed by scanning the surface Volta potential) beneath the shoulder. 
In agreement with other works, no significant dendritic growth could be observed 
around the pin region because of crumbling during the tool pin movement [6, 36]. A 
direct evidence for this dendritic-like and refined structure is shown in OM and SEM 
images of Figs. 7 and 8. Furthermore, it is obvious that in both regions, the major 
interfacial constituents are Cu-Al compounds and the mean values of Volta potential are 
closer to those of the Cu side; see Figs. 5e, 5f, 6d, 6e and their corresponding 
histograms.  
Fig. 7 displays OM, SEM, AFM and SKPFM (together with a line-scan and a 
multinomial distribution histogram) images of the P2 region almost from the same area. 
The aim was to investigate the narrowest area which includes all the interfacial zones 
together (for a better comparison). The OM image was captured after exposure to 
corrosive HCl media for 30 seconds whilst the surface was previously an un-etched 
mirror-like polished surface with no distinguishable evidence of corrosion attack (see 
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also Fig. 7d, the AFM topography image with less than 0.5 µm height difference). The 
OM image is indicating the corrosion initiation (attack) sites around the eutectic phase. 
On the other side, OM and SEM images clearly show the distribution of unaffected Cu 
particles in the Al matrix. AFM and SKPFM could also reveal these particles marked by 
dashed circles. A similar phenomenon is previously observed by Galvão et al. [10] on 
friction stir welded Al/Cu butt joints. This is why it is believed that the temperature 
gradient is lower in this region in comparison with that of the S1. In addition, some 
diffusion bands penetrated into the Cu matrix are also observed at the vicinity of the 
Al/Cu interface (with the same composition of the transition zone). According to the 
line-profile potential measurement in the SKPFM image (Fig. 7e), the lowest real 
measured Volta potential value is related to Cu particles while the highest is related to 
its surrounding Al-rich phase. At least four potential levels could be distinguished in the 
SKPFM image analyzed by line-profile. Again, the highest galvanic driving force of 
more than 700 mV can be attributed to the Cu-rich particles embedded in the Al matrix; 
this is close to what Senöz et al. [49] have found previously. By a careful look at the 
OM image in Fig. 7b, it is obvious that the corrosion attack sites (small pits or trenches) 
are distributed mainly around the Cu particles and the eutectic IMCs. The last image 
(Fig. 7f), which reveals the histogram plot of Volta potentials, resolves a quadrumodal 
distribution. This is again in quite agreement with the SKPFM image in Fig. 7c and the 
corresponding line-profile in Fig. 7e. 
Fig. 8 demonstrates the SEM images of the interfacial regions (S1 and P1) after 
exposure to 1 M HCl solution for 30 seconds. The typically observed flower-like 
primary α-Al dendrites in S1 are close to the copper lamellae beneath the shoulder (Fig. 
8c and 8d). The existence of these dendrites confirms the occurrence of a local melting 
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and solidification process along the interface, probably due to a high difference between 
the melting points of Al and Cu and the relatively great amount of the heat generated in 
this area by the tool shoulder movement. It is believed that the Al element in contact 
with semi-solid Cu element can be melted locally [30-32]. Therefore, these dendrites 
can nucleate independently and grow directly from the nucleation sites of IMCs in the 
liquid phase at the edge of the deformed copper lamellae. This can be obviously 
observed by comparing the S1 and P1 interfacial regions. Also, it can be seen that only 
the primary arms of dendrites are fully developed. A similar observation which was 
previously reported by Ouyang et al. [6] declares that the stirring action results in the 
development of a low melting point hypoeutectic/eutectic Cu-Al alloy at the aluminum 
side and a hypereutectic alloy at the weld nugget. However, the insignificant formation 
of eutectic compounds in P1 might be attributed to the dominant impact of the shoulder 
(as a greater source of heat-input) compared to that of the pin. This may be because of 
the broader superficial contact (more induced friction) that is provided by the tool 
shoulder.  
In summary, it was observed that the crumbled structure of the eutectic phase in P1 (in 
contrast with the S1 dendritic structure) could be directly related to the pin rotation and 
traverse effects. Moreover, considering the results from Fig. 8, it is obvious that the 
number of the preferentially attacked sites (corrosion pits) is higher in P1 (in 
comparison with S1) and mainly located around the dispersed Cu particles. Although, 
some pits are also detectable inside the Al-rich phase (adjacent to the IMCs) in both S1 
and P1 regions. Finally, considering the work done by Prasad Rao et al. [14], due to the 
presence of Al and Zn elements (formation of passive products) in the transition zone, 
this region can be protected at initial immersion times. 
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4. Conclusions 
Interfacial regions of a friction stir welded dissimilar lap joint of Al/Cu was 
characterized by a combination of diverse techniques including OM, SEM-EDS, AFM, 
SKPFM and Vickers micro hardness. The main conclusions can be summarized as 
follows: 
1. Microstructure around the interface normally consisted of CuAl2 IMC, α-Al phase 
and a transition zone that is believed to be a Cu-Al-Zn solid solution. 
2. The surface constituents follow various diffusion patterns in different areas along the 
interface due to the various impacts of the tool pin and shoulder in dispersing the 
heat along the interface. 
3. A local melting/solidification process also occurred at the interface because of a 
relatively high heat-input caused by the tool movement and a considerable difference 
between the Al and Cu melting points (c.a. 400°C). 
4. Due to the higher impact of the shoulder and the consequential more severe plastic 
deformation, hardness values in the S1 region were notably higher than those of the 
region around the pin. 
5. Concerning the Volta potential distribution by SKPFM, a multimodal Gaussian 
distribution was also employed to characterize the surface potential patterns and 
correlate the results to the microstructural identifications provided by SEM-EDS 
technique. 
6. Surface topography was performed by utilizing AFM to confirm the observations by 
other characterization methods. 
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7. Finally, it was observed that the localized corrosion initiated from those regions with 
relatively the highest difference in real measured Volta potential values (i.e. the 
interface of Al-rich phases and dispersed Cu particles in the P1 region). 
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Figure captions: 
Figure 1 (a) Schematic illustration of the FSW process. The right part shows an inserted 
cross-section image of the welded sample, (b) SEM-BSE image of the interface studied 
in this survey. The P1 and P2 regions point to the interface around the pin and the S1 
region refers to the interface beneath the shoulder. 
Figure 2 Hardness profile along with straight lines in the P1 and S1 regions, introduced 
in Fig. 1, demonstrating the studied regions around the pin and beneath the shoulder, 
respectively.  
Figure 3 SEM-EDS (BSE) line-scan around the interfacial region illustrating Al, Cu, 
and Zn elements (in at%) scattered along a line across the interfaces. The red, green and 
blue colors indicate Cu, Al and the Zn elements, respectively. (a) Element distribution 
in the P1 region, (b) greater magnification of Fig. 3a and (c) distribution of the elements 
in the S1 region. 
Figure 4 (a) SEM-EDS analysis of the Al/Cu interface in the P2 region, (a) measured 
spectrum points, (b) bar-chart comparing the chemical composition (in at%) variations 
of spectrum 1 to 9.  
Figure 5 (a-g) Seven sequential SKPFM images of the Al/Cu interface in the P1 region, 
(h) AFM camera view of the boundary in P1 region, (i) Histogram plots of all seven 
SKPFM images, (j) an example of a simulated multinomial (quinquemodal) Gaussian 
distribution of the histogram plot corresponding to the zone (f).  
Figure 6 (a-f) Six sequential SKPFM images of the Al/Cu interface in the S1 region, (g) 
corresponding histogram plots of all six SKPFM images, and (h) an example of the 
  
31 
 
simulated multinomial (quadrumodal) Gaussian distribution of the histogram plot 
corresponding to the zone (c).  
Figure 7 (a-d) SEM, OM, SKPFM and AFM images of the Al/Cu interface in the P2 
region, (e) Volta potential line-profile record on Fig. 7c and (f) the histogram plot and 
the simulated multinomial (quadrumodal) Gaussian distribution corresponding to Fig. 
7.c.   
Figure 8 SEM images of the Al/Cu interfaces after exposure to 1 M HCl solution for 30 
seconds, (a, b) the P1 region, around the pin, and (c, d) the S1 region, beneath the 
shoulder. 
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Table 1 chemical composition of each spectrum (in at%) defining elemental composition by 
moving from Al to the Cu matrix. 
 
Spectrum No. Chemical composition (at%) 
1 99.48% Al + 0.52% Mn 
2 88.69% Al + 6% Mn + 5.31% Fe 
3 70.05% Al + 29.95% Cu  
4 90.11% Al + 0.61% Mn + 0.53% Fe + 7.51% Cu + 1.24% Zn 
5 62.63% Al + 0.54% Mn + 36.83% Cu 
6 42.52% Al + 55.57% Cu + 1.91% Zn 
7 28.54% Al + 68.54% Cu + 2.92% Zn   
8 7.81% Al + 88.95% Cu + 3.24% Zn 
9 1.80% Al + 94.31% Cu + 3.89% Zn 
  
 
Table 2 extracted multimodal Gaussian distribution parameters from the Volta potential 
histograms. 
Region 
label 
Histogram  
label 
Minimum number of  
modals 
Mean  
value (μ, mV) 
Standard  
deviation (σ, mV) 
Max. driving force 
(Δµ = µmax -  µmin)     
P1 (Fig. 5i) a 3 
μ1= 575 σ1= 55 
575 – 423 = 152 μ2= 529 σ2= 95 
μ3= 423 σ3= 219 
 b 3 
μ1= 792 σ1= 105 
792 – 136 = 656 μ2= 699 σ2= 233 
μ3= 136 σ3= 76 
 c 4 
μ1= 708 σ1= 57 
708 – 222 = 486 
μ2= 651 σ2= 135 
μ3= 470 σ3= 227 
μ4= 222 σ4= 187 
 d 4 
μ1= 660 σ1= 93 
660 – 256 = 404 
μ2= 578 σ2= 130 
μ3=397 σ3= 221 
μ4= 256 σ4= 105 
 e 3 
μ1= 538 σ1= 148 
538 – 164 = 374 μ2= 309 σ2= 232 
μ3= 164 σ3= 105 
                      f 5 
μ1= 651 σ1= 69 
651 – 136 = 515 
μ2= 525 σ2= 235 
μ3=247 σ3= 201 
μ4= 211 σ4= 46 
μ5= 136 σ5= 50 
 g 1       μ1= 36 σ1= 17  
S1 (Fig. 6g) a 3 
μ1= 429 σ1= 56 
429 – 264 = 165 μ2= 381 σ2= 86 
μ3= 264 σ3= 204 
 
b 3 
μ1= 535 σ1= 96 
535 – 202 = 333 μ2= 397 σ2= 188 
μ3= 202 σ3= 109 
 
c 3 
μ1= 411 σ1= 114 
411 – 137 = 274 μ2= 219 σ2= 170 
μ3= 137 σ3= 72 
 
d 3 
μ1= 256 σ1= 208 
256 – 118 = 138 μ2= 156 σ2= 94 
μ3= 118 σ3= 61 
 
e 4 
μ1= 413 σ1= 210 
413 – 125 = 288 
μ2= 222 σ2= 147 
μ3= 216 σ3= 57 
μ4= 125 σ4 = 92 
 f 1       μ1= 36 σ1= 15  
P2 (Fig. 7f)  4 
μ1= 821 σ1= 147 
821 – 383 = 438 
μ2= 682 σ2= 113 
μ3= 531 σ3= 154 
μ4= 383 σ4= 149 
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Research highlights 
 Interfaces of FS welded Al/Cu joint was characterized by OM, SEM, AFM 
and SKPFM. 
  A eutectic phase mainly consisting of CuAl2 IMC and an Al-rich phase was 
detected. 
 Severe mechanical deformation caused a concurrent depletion/enrichment 
mechanism. 
 A correlation between phases and their Volta potential distribution is found. 
 Corrosion initiated from sites with relatively higher absolute Volta 
potentials. 
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Graphical abstract 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Interfacial microstructure characterization of an aluminum/copper friction stir weld:  
(a-d) SEM, OM, SKPFM and AFM images of Al/Cu interface  around the tool pin, (e) Volta 
potential line-profile record on the SKPFM result, and (f) histogram plot and simulated 
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multinomial Gaussian distribution corresponding to image (e). It is notable that all images 
demonstrate the same area from different points of view. 
 
